Genome-wide association studies (GWAS) have identified hundreds of common risk variants that implicate multiple signaling pathways in the development of autoimmune diseases^[@R1]^. Many of these risk variants may act through lineage- or maturation-specific mechanisms that depend on threshold effects on signaling responses^[@R1]^. Several genome-wide associations in systemic lupus have been described in molecules that participate in the BCR signaling pathway^[@R2],\ [@R3]^. Yet, there is scant and often conflicting information on how these variants modify normal lymphocyte signaling and predispose to autoimmunity.

In lymphocytes, one of the early consequences of engagement of either the T cell or B cell antigen receptor is activation of members of the Src family of tyrosine kinases (SFK). Activation of SFK is regulated by the Lyp-Csk complex. Lyp (the product of the *PTPN22* gene) destabilizes the kinase domain of SFK through tyrosine dephosphorylation, while Csk phosphorylates a C-terminal tyrosine in SFK, leading to a closed, inactive conformation^[@R4]^. The Lyp variant R620W disrupts the interaction between Lyp and the SH3 domain of Csk and has been strongly associated with many autoimmune disorders^[@R5]^. Consequently, we searched for evidence of association with SLE at the *CSK* locus in a prior GWAS of SLE in subjects of European ancestry^[@R2]^. We observed that several single-nucleotide polymorphisms (SNPs) that tag a *CSK* haplotype "B" have a nominal association with SLE in this previously published dataset, well below genome-wide levels of statistical significance (OR \~ 1.15, uncorrected p-values 0.004--0.007, 1311 cases and 3340 controls)^[@R2]^. We therefore sequenced the *CSK* exons and five highly conserved intronic regions in a discovery cohort of 24 SLE-affected subjects of European ethnicity, homozygous for the "B" haplotype ([Figure 1e](#F1){ref-type="fig"}). Of the four polymorphisms present in the discovery dataset ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}), the minor allele (A) of the intronic variant rs34933034 (G \> A) was present in 34 of the 48 chromosomes bearing the "B" haplotype, and was therefore of particular interest.

To assess the relationship of the A allele of the rs34933034 variant to the *B* haplotype and explore its association with risk for SLE, we genotyped 3769 SLE cases and 3404 controls of European ancestry derived from eleven cohorts and analyzed the data in three groups (Methods, [Table 1](#T1){ref-type="table"} and [Supplementary Table 2](#SD1){ref-type="supplementary-material"}). The results provide convincing evidence for an association between SLE and the A allele of the variant rs34933034: allelic O.R. 1.32, *p*-value 1.04 × 10^−9^. Linkage disequilibrium analysis shows that the rs34933034 A allele nearly exclusively exists on the B haplotype (D′ = 0.95), and has a relatively low overall correlation (r^2^ \< 0.5) with any of the other SNPs that define this haplotype, as summarized in [Figure 1](#F1){ref-type="fig"}. Two SNPs that are present in the *CSK* B haplotype have recently been associated with several autoimmune diseases^[@R6],\ [@R7]^. Consequently, we imputed SNPs with data from the 1000 Genomes project ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}) and performed conditional analysis for rs34933034, showing that the associations seen for variants that tag the B haplotype are secondary to the rs34933034 A allele. For example, the rs8033381 marker tagging the common B haplotype shows an association (P-value: 9 × 10^−8^) that is eliminated after conditioning on rs34933034 (P-value: 0.19), ([Figure 1](#F1){ref-type="fig"}, arrowhead). In contrast, conditioning on rs8033381 shows an association in rs34933034 (P-value: 2.49 × 10^−4^). Of note, we did not observe evidence of genetic interaction between rs34933034 and rs2476601 (*PTPN22*, R620W).

The ENCODE data reports the presence of DNA sensitive sites around rs34933034, suggesting that this variant lies within an intronic regulatory region of *CSK*. Likewise, it has been reported that *CSK* expression is highest in cells of the immune system, particularly in B cell subsets^[@R8]^. This was confirmed by evaluation of the pattern of *CSK* expression in different subsets of peripheral blood mononuclear cells (PBMC) of healthy individuals, including the transitional, naïve and memory subsets of B cells (all subpopulations were recovered in at least 5 subjects), as well as CD4+ and CD8+ T cells and monocytes (n = 3) ([Fig 2a](#F2){ref-type="fig"}). As previously reported, *CSK* expression was highest in B cells ([Fig 2b](#F2){ref-type="fig"}), and was inversely correlated with B cell maturity (n = 5, p = 0.03). Thus, transitional B cells that have recently emerged from the bone marrow have higher *CSK* expression than mature naïve B cells, which in turn have higher expression than memory B cells. We sorted naïve B cells from 29 healthy donors of either rs3493034 genotype, all of whom were homozygous for the B haplotype. As can be seen in [Figure 2c](#F2){ref-type="fig"} higher levels of *CSK* transcripts in naïve B cells are significantly associated with the rs3493034 A allele.

Next, we examined whether increased *CSK* expression affects B cell function. It has been reported that in resting murine T cells, Csk-mediated C-terminal phosphorylation maintains SFKs in an inactive conformation^[@R9]^. In B cells, Lyn is the most abundant SFK; therefore, we hypothesized that elevated Csk would increase basal phosphorylation at the C-terminal tyrosine of Lyn in B cells. We analyzed Tyr508 phosphorylation by flow cytometry in resting naïve B cells (CD20+, CD27−) from 27 healthy adults. As shown in [Figure 3b](#F3){ref-type="fig"} and [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}, naïve B cells from subjects carrying the *CSK* risk allele exhibit higher Tyr508 phosphorylation of Lyn than non-risk allele carriers.

Interestingly, and in contrast to the activating role of Lck in T cells, Lyn has been reported to mediate negative regulation of BCR signaling^[@R10]^ Therefore, we measured calcium mobilization in naïve B cells of 11 donors homozygous for the B haplotype after BCR cross-linking in B cells. As expected, naïve B cells homozygous for the A allele exhibit enhanced calcium mobilization triggered by BCR cross-linking ([Figure 3c](#F3){ref-type="fig"} and [3d](#F3){ref-type="fig"}; no differences in signaling capacity related to *CSK* genotype were observed upon stimulation with ionomycin -- data not shown). This result is consistent with reports that Lyn has negative regulatory effects on B cell activation^[@R10]^. Moreover, healthy subjects who carry the *CSK* risk allele also have more IgM in plasma (n = 44, [Figure 3e](#F3){ref-type="fig"}), compared to subjects with the non-risk allele, consistent with enhanced activation of mature B cells.

Given that *CSK* expression is highest in transitional B cells, we investigated how the risk allele would affect early B cell differentiation. To study B cell maturation in the most pristine situation, we analyzed B cell subpopulations in 27 samples of umbilical cord blood and found that newborn subjects homozygous for the *CSK* risk allele have double the frequency of transitional cells (CD38^hi^, CD10^hi^) compared to levels observed in the cord blood of non-risk subjects ([Figure 4a](#F4){ref-type="fig"} and [4b](#F4){ref-type="fig"}). Further dissection of this B cell compartment shows that individuals with the risk allele have more "late" transitional cells than their non-risk counterparts; these cells are also characterized by high surface expression of CD21, and have acquired surface IgD while still retaining a high expression of CD38 and CD10 ([Figure 4c](#F4){ref-type="fig"}, and [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

Our results clearly support the hypothesis that *CSK* expression levels can modify normal B cell biology. We have demonstrated that *CSK* expression is highest at the earliest stages of B cell maturation (transitional B cells), and that normal individuals who carry the risk allele exhibit expansion of the late transitional B cell population. This might reflect an impairment of a tolerance checkpoint or an enhanced positive selection of late transitional B cells. Either model leads to a prediction that there would be an increased number of autoreactive B cells in the peripheral repertoire of healthy carriers of the *CSK* risk allele, consistent with an increased likelihood of autoantibody production.

The Lyp-Csk complex acts by setting thresholds for BCR signaling, but the specific effects may vary according to the B cell developmental stage and the particular SFKs that are functional at that stage. In B cells that carry the *PTPN22* risk allele, both reduced^[@R11]^ and augmented^[@R12],\ [@R13]^ responses to BCR cross-linking have been reported, as well as higher auto-reactivity in the early B cell repertoire of healthy subjects carrying the risk allele^[@R14]^. The results reported here show that levels of Csk differ at different stages of development as the signaling apparatus undergoes maturation. We note that the expression and activity of Lyp (*PTPN22*) in human transitional B cells have not yet been studied in detail. Our results clearly indicate that any investigation of *PTPN22* effects on signaling thresholds in transitional B cells must account for the *CSK* genotype, as we have done here for *PTPN22*. Moreover, two SFKs, *LYN* and *BLK*, have been associated with risk for SLE^[@R2],\ [@R15]^. Research from our group suggests that the *BLK* risk allele also predominantly influences expression differences in the early stages of B cell development^[@R16]^, although the functional consequences of differences in Blk expression have not yet been determined. This emphasizes the need for further exploration of the role of signaling molecules in immune cells at different stages of development in order to understand the mechanisms that lead to autoimmune disease and thereby inform the rational development of targeted approaches to therapy.

Methods {#S1}
=======

Research subjects and specimens {#S2}
-------------------------------

DNA from cohorts of SLE-affected subjects was obtained from the UCSF Lupus Genetics Project^[@R18]^, the Multiple Autoimmune Diseases Genetics Consortium (MADGC)^[@R19]^, the University of Minnesota^[@R20]^, the UK SLE Study^[@R21]^, ABCoN^[@R2]^, the University of Alabama^[@R3]^ and OMRF^[@R3]^ as previously reported. Control DNA samples were taken from the New York Cancer Project collection^[@R22],\ [@R23]^, the Nijmegen Biomedical study (NBS, a population-based cohort of self-reported, randomly selected inhabitants of Nijmegen, the Netherlands)^[@R24]^ and the Genotype and Phenotype Registry at The Feinstein Institute for Medical Research (FIMR) and at the University of Alabama ([www.gapregistry.org](www.gapregistry.org)). All subjects gave written informed consent, and Institutional Review Boards reviewed the protocols at their host institutions. SLE diagnosis was established according to ACR guidelines^[@R2],\ [@R3],\ [@R18]--[@R20]^. A detailed explanation of the number of samples per dataset is shown in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}.

All of the genotype-matched blood samples of healthy controls were obtained from volunteers belonging to the GaP registry; carriers of the *PTPN22* risk allele (rs2476601, T) were excluded from the functional studies. Cord blood samples deemed not suitable for banking and leukocyte units were obtained, de-identified, from the Long Island Blood Bank. The FIMR IRB reviewed and approved all of the protocols, consent was waived for de-identified cord blood and leukocyte units.

Genotyping {#S3}
----------

*CSK* sequencing for the 24 SLE samples of the discovery cohort was performed by Polymorphic DNA Technologies (Alameda, California). Genotyping of datasets was performed sequentially in three analytic groups. European ancestry was determined by the ancestry informative markers within each analytic group. [Supplementary Table 2](#SD1){ref-type="supplementary-material"} describes each of the three groups of datasets. The *CSK* genotyping for groups I and II was performed by pyrosequencing ([Supplementary table 4](#SD1){ref-type="supplementary-material"}). Genotyping of *CSK* rs34933034 for the third analytic group was performed by qPCR with the TaqMan assay C\_\_60143137_10 in a ViiA7 machine (Applied Biosciences) in samples from the NBS and OMRF.

SNPs informative for continental origin and European population diversity were obtained from genome-wide typing for each of the cohorts, and used to limit the study to subjects of European ancestry. Matching of cases and controls by principal component analysis^[@R25]^, as well as association analysis for both allelic and additive genetic models was performed using SNP and Variation Suite (Golden Helix). The meta-analysis p-value for the additive genetic model with correction for principal component analysis was performed using the sample size based analytical strategy reported previously^[@R26]^.

Imputation and conditional analysis {#S4}
-----------------------------------

For each group of datasets, we obtained genotype information on markers situated 300 Kbp either side of *CSK*. We used 1000 Genomes project data (Phase 1, version 3, March 2012) as reference to impute variants across a fragment of 120 Kbp (chr15:75,024,425--75,145,539, hg19), with *CSK* in the center. Imputation was performed using IMPUTE2.2^[@R17]^. Only imputed polymorphisms with probabilities above 90% were used in subsequent analyses, and variants that were not called in more than 90% of the samples per dataset were not used ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Conditional analysis of the variants that passed quality control was performed with SNPtest2^[@R17]^, using an additive model of association.

Sample processing, flow cytometry and cell sorting {#S5}
--------------------------------------------------

Mononuclear cells from peripheral blood were recovered by layering over Ficoll-Paque (GE HealthCare). For cell sorting, the cells were stained for ten minutes with an antibody mix containing one of the following antibody cocktails: CD8 (FITC, 551347), CD20 (PE, 555623), CD4 (PerCP, 340671), CD3 (APC, 340440) and CD14 (Pacific Blue, 558121), all from BDBiosciences, for sorting of monocytes and T cell subpopulations (3 samples). For B cells: anti IgD (FITC, 555778), Pacific blue-conjugated CD3 (558124), CD14, CD16 (558122), CD19 (APC-Cy7, 557791) all from BDBiosciences; CD27 (PE, MHCD2704) and CD38 (PE-TR, MHCD3817) from Invitrogen; and CD10 (PE-Cy7, 312214) from Biolegend. Cells were sorted in a FACSAria instrument (BDBiosciences) and after exclusion of doublets by forward and side scatter area and width parameters, gates were set for monocytes (CD3^−^, CD20^−^, CD14^+^), CD4^+^ and CD8^+^ cells (after a CD20^−^ and CD3^+^ gate). B cells were defined as CD19^+^, CD3/14/16^−^ and subsequently gated for B cell subpopulations: memory (CD19^+^, CD27^+^) and preimmune (IgD^+^, CD27^−^). To divide the preimmune B cell populations, the upper limit of CD10 fluorescence in T cells (negative) was used to define the lower limits of CD10 positivity for transitional B cells (CD38^hi^, CD10^hi^) and naïve cells (CD38^dim^, CD10^low^). Thirteen of those cord blood samples were stained with CD21 PE to confirm the gates for early and late transitional B cells as defined previously^[@R27]^. Statistical analyses of B cell subpopulations were performed using the Kruskal-Wallis one-way analysis of variance.

Expression analysis {#S6}
-------------------

*CSK* expression analysis of peripheral blood cells was performed on sorted cells. RNA was extracted using a Micro RNeasy Isolation Kit (Qiagen). cDNA was synthesized by linear retrotranscription with iScript (Bio-Rad). cDNA was subsequently used for qPCR of *CSK* (Hs01062585_m1, Applied Biosystems) and *POLR2a* (Hs01108291_m1, Applied Biosystems) in a Lightcycler 480 II (Roche). Normalized expression was calculated according to the modified Livak method ΔCt: 2^(Ct\ *PolR2a*\ −\ Ct\ *CSK*)\ [@R28]^. All of the expression assays were performed in duplicate. The analysis of *CSK* expression across B cell subpopulations was performed in a Kruskal-Wallis test; the analysis of *CSK* expression across genotypes was performed using a one way ANOVA.

Cell signaling {#S7}
--------------

Cell signaling assays were performed with PBMC of healthy subjects homozygous for the B haplotype. Cells were washed with PBS and allowed to rest for 1 h at 37°C in RPMI containing 2% FCS. For pLyn, cells were fixed, washed and surface stained with CD20, CD24, CD38, CD27, and CD3. After a permeabilization step with BDPerm, cells were stained with the anti-pLck (Y505) antibody (BDPhosflow, 557879), which cross-reacts with pLyn. Median Fluorescence Intensity (MFI) in naïve B cells was obtained by analysis of the data with FlowJo software. No differences were observed if the data was analyzed solely on the basis of MFI or MFI minus isotype control. The data was normalized to the mean of the MFI per experiment. Given the correction for multiple testing, pairwise comparison was considered significant at the p \< 0.0166 level.

For calcium flux, after resting for 1 h, the cells were loaded with Indo-1, and subsequently labeled with anti CD2, CD14, CD16, CD20, CD27, CD38 and CD10 as before. Data was collected in a BD LSRII machine as the ratio of Ca^2+^-bound Indo (405 nm) over free Indo (450nm) for one minute. Cells were then stimulated with 10 μg/ml F(ab′)~2~ goat anti-human IgM (Southern Biotech) and data were recorded for a further 5 minutes. All of the samples were subsequently activated with ionomycin as a control. Data was analyzed with FlowJo software to calculate the area under the activation curve for the first 90 seconds and 4 minutes.

SAS version 9.2 was used to perform Hierarchical Linear Mixed Models (HLMM) to analyze the normalized values of the area under the curve. In order to adjust for day-to-day variation in experimental conditions, we "blocked" on day and considered subjects nested within days. Furthermore, the day of the experiment was considered a random effect. A result was considered statistically significant at the p \< 0.05 level.

ELISA {#S8}
-----

96 well plates were pre-coated with 10 μg/mL of anti-human IgM antibody (Southern Biotech) and blocked with PBS (1% BSA). Samples were plated and after one hour of incubation wells were washed and incubated with anti human IgM conjugated to alkaline phosphatase, and later developed with p-nitrophenyl disodium (Sigma) in carbonate buffer. The optical density at 405nm was measured. Samples were run in duplicate and IgM was quantified using an IgM standard curve (Sigma Aldrich).
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![Genetic structure of the *CSK* locus. (a) *CSK* spans 14 exons indicated by the vertical boxes. The plot shows the sequence homology among mammals, with highly conserved regions shown as peaks (taken from [genome.ucsc.edu](http:genome.ucsc.edu)). The horizontal bars highlight the conserved areas that were selected for sequencing. The vertical tick-mark below the first conserved region that was sequenced shows the position of the variant rs34933034 ( ![](nihms408117ig1.jpg)). (b) Association of SNP markers with SLE; a region of \~80,000bp surrounding the *CSK* locus is shown. SNPs were imputed using 1000 Genomes data. The gray area highlights the position of the *CSK* gene. Many markers that have an intermediate association with SLE tag the B haplotype. The markers shown were either imputed (●), or genotyped in some samples and imputed in others (○). The arrowhead points to rs8033381, one of many that tag the B haplotype, (c) after conditioning on rs34933034, all association signals within the *CSK* gene are eliminated. (d) conditioning on rs8033381 still shows an association signal with rs34933034. (e) An LD heatmap (r^2^) of the SLE-associated markers in the *CSK* gene reveals a single major haplotype block in subjects of European ancestry. Note the lower r^2^ for rs3493303 with this block (r^2^ \~ 0.5). (f) The major haplotypes for the *CSK* locus and their frequencies in European controls are shown.](nihms408117f1){#F1}

![*CSK* expression varies in lymphocyte subsets and is associated with *CSK* genotype. (a) Gating strategy employed to distinguish monocytes and T cells (upper panel) and B cell subpopulations (bottom panel). (b) *CSK* expression decreases in peripheral B cells as they mature from transitional to memory cells (p = 0.030, Kruskal-Wallis test). *CSK* expression in peripheral T cells is low (p = 0.0047, Kruskal-Wallis test between the five cell subpopulations). (c) In naïve B cells, the rs34933034 risk allele (A) is associated with increased *CSK* expression (29 subjects analyzed, Kruskal-Wallis test). Cell subpopulations were isolated from peripheral mononuclear cells by cell sorting as shown in (a). Expression analysis was performed by qPCR with cDNA synthesized from RNA of isolated subpopulations from mononuclear cells of non-genotyped blood donors (b) or haplotype-matched GaP subjects (c), the horizontal bar marks the median of the values.](nihms408117f2){#F2}

![The *CSK* risk allele is associated with increased phospho-Lyn~508~ and enhanced activation of mature B cells. (a) Phosphorylated tyrosine 508 was measured by flow cytometry in naïve B cells of haplotype-matched GaP donors homozygous for either allele of the rs34933034 variant; the profiles of a risk (bold) and non risk (shadowed) subject are shown, the thin line shows the isotype control; (b) pLyn~508~ in carriers of the CSK risk allele. pLyn~508~ was normalized to each day average (n = 27, p = 0.0136, Mann-Whitney test, see methods for correction after multiple comparison, and [supplementary Figure 1](#SD1){ref-type="supplementary-material"}, Kruskal-Wallis test P = 0.0569). (c) A representative experiment of calcium mobilization. Basal calcium was read for 40 seconds, before activation with anti-IgM (Fab′)~2~. After at least six minutes of recording, ionomycin was used as a positive control for calcium mobilization and showed no difference between genotypes (data not shown). (d) Data from eleven different "B" haplotype donors was normalized to one non-risk (GG) subject for comparison on each of four separate days of experiments. The area under the curve for the first 90 seconds (similar results at four minutes) is shown, (see methods for statistical analysis). (e) IgM plasma levels in 42 subjects homozygous for the B haplotype, Kruskal-Wallis test. In every graph, the horizontal line marks the median.](nihms408117f3){#F3}

![The *CSK* risk allele is associated with expansion of transitional B cells in umbilical cord blood. (a) B cells were defined by a CD19^+^ gate (with CD3/CD14/CD16 exclusion); transitional cells were defined as CD38^hi^, CD10^hi^. The transitional cells were further divided into early and late stage by gain of IgD and decreased CD10 in late stage transitional B cells. The panel shows a representative plot of each homozygous genotype. (b) The percentage of transitional cells in the CD19 compartment is significantly higher in homozygous risk allele carriers compared with heterozygotes, with a similar trend in comparison with wild type homozygous individuals (n = 27, Kruskal-Wallis test). (c) Among transitional cells, there is an expansion of the late transitional compartment in individuals who carry the risk allele (Kruskal-Wallis test). The horizontal line marks the median.](nihms408117f4){#F4}

###### 

Frequencies of the rs34933034 *CSK* risk allele in cases and controls of European ancestry.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Analytic group[1](#TFN1){ref-type="table-fn"}   N (Cases / Controls)   Genotype frequency (Cases / Controls)   MAF[2](#TFN2){ref-type="table-fn"}, %\   OR[3](#TFN3){ref-type="table-fn"}\   P value Allelic[4](#TFN4){ref-type="table-fn"}   P value Additive[5](#TFN5){ref-type="table-fn"}   P value Additive[6](#TFN6){ref-type="table-fn"}                   
                                                                                                                 (Cases/Controls)                         (95% C.I.)                                                                                                                                                                                                
  ----------------------------------------------- ---------------------- --------------------------------------- ---------------------------------------- ------------------------------------ ------------------------------------------------ ------------------------------------------------- ------------------------------------------------- --------------- ---------------
  I                                               1378 / 919             0.040 / 0.018                           0.28 / 0.23                              0.68 / 0.75                          18.17 / 13.54                                    1.42 (1.20--1.67)                                 3.2 × 10^−5^                                      4.3 × 10^−5^    9.2 × 10^−5^

  II                                              1368 / 1228            0.032 / 0.028                           0.29 / 0.24                              0.68 / 0.73                          17.50 / 14.78                                    1.22 (1.05--1.42)                                 7.8 × 10^−3^                                      8.6 × 10^−3^    9.8 × 10^−3^

  III                                             1023/1257              0.023 / 0.190                           0.31 / 0.24                              0.67 / 0.74                          17.74 / 13.76                                    1.35 (1.15--1.59)                                 2.3 × 10^−4^                                      1.9 × 10^−4^    4.1 × 10^−4^

  Total                                           3769/3404              0.032 / 0.022                           0.29 / 0.24                              0.68 / 0.74                          17.81 / 14.07                                    1.32 (1.20--1.44)                                 1.0 × 10^−9^                                      1.35 × 10^−9^   3.35 × 10^−8^
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

A total of 12 datasets were used in three stages of genotyping and testing. Details of the datasets used can be found in [Supplementary table 2](#SD1){ref-type="supplementary-material"}.

MAF. Minor allele frequency.

O.R. calculated for an allelic model, the samples were matched for European background.

X^2^ P-value

Armitage P-value

After correction for European substructure by principal components at each group, meta P-value calculated using the sample size based meta-analysis strategy^[@R17]^.
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